The 1650^1540 Ma rapakivi granites and associated basic rocks (e.g. gabbro^anorthosites) in southern Finland intrude the local juvenile Paleoproterozoic crust with little isotopic contrast to the contemporary mantle. Conventional isotopic studies have not been able to provide a satisfactory answer to the long-running controversy over the sources involved in their petrogenesis. In situ zircon laser ablation inductively coupled plasma mass spectrometry analysis of LuĤ f isotopes and trace elements has been used to resolve the source and magmatic evolution of the rapakivi granites and associated massif-type anorthositic rocks in southern Finland. Initial Hf isotope compositions of zircon extracted from the rapakivi granites are relatively homogeneous and overlap with the modeled evolution of the Paleoproterozoic crust of southern Finland. Within-sample variation in zircon of the basic rocks is considerably greater than that of the granites and the initial Hf isotope compositions vary from crustal values (e Hf $0) to depleted mantle (e Hf $þ9) values. Furthermore, Ti abundances that correlate with Hf isotope compositions record significant crustal assimilation during crystallization of the mafic magmas. Our in situ Hf isotope results enhance the resolution of isotopic methods in pursuit of the sources of the Precambrian rapakivi suites.The new data argue for the truly bimodal nature of rapakivi magmatism, involving at least two distinct magma sourcesça relatively homogeneous Paleoproterozoic crustal component for the granites and a depleted, mid-ocean ridge basalt source-like mantle component for the basic rocks.
I N T RO D UC T I O N
A-type granites, as originally defined by Loiselle & Wones (1979) , and their volcanic equivalents and related rocks (mafic intrusions, anorthosites, basaltic dikes and lavas, rare alkaline rocks) form a conspicuous part of the granite spectrum. They have been recognized as a specific group only relatively recently (Loiselle & Wones, 1979) , and were originally defined as dry (anhydrous) rocks with high contents of alkali metals (either sodium or potassium) and most high field strength trace elements (e.g. Bonin, 2007; Frost et al., 2007) . They commonly have been emplaced in an extensional tectonic regime not directly related to lithospheric convergence (i.e. they have been considered 'anorogenic' or 'post-tectonic'). In terms of age, the A-type granites span almost three billion years ($2·7 Ga to Recent) and they are associated with a variety of mineralization types (e.g. Sn, F, Nb, Ta, Au, Fe, U and REE). Chemically the A-type granites can be classified as ferroan calc-alkaline to alkaline^calcic granitoids (Frost et al., 2001) .
Proterozoic ferroan rapakivi granites and associated massif-type anorthosites and gabbroic rocks constitute an important part of the traditional A-type clan. Regarding their petrogenesis, a major problem that still awaits solution is the origin of the associated anorthositic and gabbroic rocks and their relation to these granites. Many studies since the 1970s have favored a magmatic underplating model that infers the mantle as the source for the anorthosites and the lower continental crust for the granites (e.g. Emslie, 1978; Anderson, 1983; Haapala & Ra« mo« , 1990; Frost et al., 1999; Scoates & Mitchell, 2000) . This view has been challenged more recently by isotopic and experimental studies (e.g. Duchesne & Wilmart, 1997; Vander Auwera et al., 1998; Longhi et al., 1999; Schiellerup et al., 2000) that invoke a lower crustal source for the anorthosite magmas or suggest that the silicic and basic rocks are consanguineous with an intermediate ('jotunitic') precursor.
The crust^mantle source controversy has prevailed in part because of the fact that radiogenic isotope studies utilizing the whole-rock and mineral Sm^Nd, Rb^Sr, LuĤ f, and Pb^Pb methods have yielded rather similar initial isotope ratios for both the silicic and basic rocks of the association (e.g. Patchett et al., 1981; Ra« mo« , 1991; Neymark et al., 1994; Andersson, 1997) . These conventional isotope methods utilize the isotope dilution thermal ionization mass spectrometry (ID-TIMS) technique, which is only able to produce average isotope values for the examined (usually hand-sized) samples. We have used the new in situ laser ablation multicollector inductively coupled plasma mass spectrometry (LAM-ICP-MS) technique to measure the Hf isotope composition of single zircon grains separated from selected rapakivi granites, anorthosites, and gabbros in the classic rapakivi granite terrain of southern Finland. Our results imply a clear difference in the initial Hf isotope composition of the rapakivi granites and the basic rocks associated with them, a mantle origin for the anorthosites, and the presence of a major crustal source component in the granites. Surprisingly, our data further reveal a much wider range of initial Hf isotope composition in the zircons from the basic rocks than in those from the silicic rocks. This can be explained by a mantle^crust mixing process that affected the composition of zircon precipitating from the mafic magmas.
G E O L O G I C A L S E T T I N G
The Finnish rapakivi granites and associated rocks (e.g. Ra« mo« & Haapala, 2005) comprise four large batholiths (Wiborg, -land, Laitila and Vehmaa) and a group of smaller plutons (Suomenniemi, Ahvenisto, Onas, Bodom, Obbna« s, Peipohja, Myna« ma« ki, Eurajoki, Reposaari, Siipyy, Fja« lska« r and Ko« karsfja« rden) (Fig. 1) . The Finnish province is associated with the Salmi rapakivi intrusion in Russian Karelia (Neymark et al., 1994) and the Baltic rapakivi intrusions of Riga, Ma« rjamaa and Naissaare (Ra« mo« et al., 1996) . Also, the rapakivi occurrences in central Sweden (e.g. Andersson, 1997) are considered to belong to the same province.
The rapakivi granites of Finland were emplaced between 1650 and 1540 Ma into the 1900^1800 Ma Svecofennian crust and they form two distinct age groups. The 1650^1620 Ma group (southeastern Finland) includes the Wiborg, Suomenniemi, Ahvenisto, Onas, Obbna« s and Bodom batholiths. The 1590^1540 Ma group (southwestern Finland) includes the intrusions of -land (or Ahvenanmaa), Laitila, Vehmaa, Peipohja, Myna« ma« ki, Reposaari, Siipyy, Eurajoki, Fja« lska« r and Ko« karsfja« rd (Ra« mo« & Haapala, 2005) .
The Finnish rapakivi granites exhibit typical geochemical features of ferroan alkali^calcic (Frost et al., 2001) granites: high K/Na and Fe/Mg ratios, and enrichment of light rare earth elements (LREE) over heavy REE (HREE) (e.g. Bonin, 2007) . In terms of their aluminium saturation, they straddle the boundary between the perand metaluminous fields. These features are also evident in the reduced nature of their mineralogical composition (fayalite þ quartz and magnetite present in the most mafic granitoids) and petrographic features (amphibole and biotite late in the crystallization sequence) resulting from a 'dry' magmatic environment at low oxygen fugacity (Ra« mo« & Haapala, 2005) .
The Finnish rapakivi suite is dominantly bimodal (silicic^mafic) with only minor intermediate rock-types. The rapakivi granites generally exhibit a differentiation trend from fayalite and hastingsite granites through biotite-dominated varieties to topaz granites with strong enrichment in incompatible elements including volatiles. The mafic rocks are dominantly anorthositic, mainly leucogabbronorites, and they are considered to belong to the Proterozoic massif-type anorthosite suite (e.g. Ashwal, 1993; Alviola et al., 1999) . Rare intermediate compositions are represented by monzodiorites and quartz monzodiorites (e.g. Alviola et al., 1999) . The marked compositional gap between the silicic and mafic end-members of the suite is usually taken as evidence of these rock-types not being consanguineous. This conclusion has, however, been challenged in other anorthosite^mangerite^charnockiteĝ ranite (AMCG) associations by claiming a common mantle progenitor and fractionation history for all the rock-types (e.g. Turner et al., 1992) . Rather extensive dike swarms of tholeiitic diabase and quartz^feldspar porphyry are also known, but volcanic rocks are sparse (Ra« mo« & Haapala, 2005; Ra« mo« et al., 2009) . A distinct feature of the classic Finnish rapakivi association compared with other corresponding occurrences, for example those in the Grenville province of Canada, is that mafic rocks are fairly uncommon (e.g. Ashwal, 1993) .
The samples were chosen from representative rock types of the Finnish rapakivi province to obtain a sufficient temporal and geographical coverage of samples previously studied with other isotope methods. Background information with references to sample locations, ages and whole-rock Nd and zircon O isotope compositions is provided in Table 1 . Brief petrographic descriptions of the samples are given in Table 2 .
Wiborg batholith
The largest ($19 000 km 2 ) rapakivi intrusion in Finland is the 1646^1615 Ma (Ra« mo« & Haapala, 2005) Wiborg batholith, partially located in Russia. The lithology of the batholith is diverse, but most of it comprises wiborgite, the rapakivi granite proper (see Vorma, 1976; Haapala & Ra« mo« , 1992) . Some gabbro^anorthositic rocks are found as minor inclusions, mostly in the east^central part of the batholith. Three rock types were sampled from the Wiborg batholith for this study. Sample A29 is from a typical wiborgite from the central part of the batholith.
Sample A1493 was taken from the island of Ristisaari in the southern part of the Wiborg batholith (Gulf of Finland archipelago) and represents the dark varieties of wiborgitic rapakivi granites that include basic plagioclase megacrysts (xenocrysts) (Turkki, 2005) . Sample A119 is an anorthosite from an anorthositic megaxenolith in the east^central part of the Wiborg batholith.
Suomenniemi intrusion
The $365 km 2 , $1640 Ma (Vaasjoki et al., 1991) Suomenniemi batholith is located on the northeastern flank of the Wiborg batholith and is lithologically diverse (Ra« mo« , 1991) . The bulk of the intrusion is formed of two mutually gradational granite types: an even-grained hornblende granite in the south grades to a dominant more evolved, coarse biotite granite in the north (Ra« mo« , 1991) . Sample A1042 is from the northern part of the intrusion.
Lovasja« rvi mafic intrusion
The tholeiitic $1643 Ma (Siivola, 1987) Lovasja« rvi mafic intrusion, is located between and cut by the Suomenniemi and Wiborg batholiths (Fig. 1b) . The intrusion consists of two parts: a concentric melatroctolite^olivine gabbro phase in the north and a gabbroic main phase in the south (Alviola, 1981) . Sample A574 is from the main (gabbro) part of the intrusion.
Ahvenisto complex
The 350 km 2 Ahvenisto complex is the prominent occurrence of rapakivi-associated gabbro^anorthositic and monzodioritic rocks in Finland (e.g. Ra« mo« & Haapala, 2005) . The $1640 Ma (Alviola et al., 1999; Heinonen et al., 2010) intrusion is located on the northwestern flank of the Wiborg batholith ( Fig. 1 ) and comprises coeval granitic (70%; fraction at the current erosional level), gabbroic (25%, mostly leucogabbronoritic), and monzodioritic (5%) rocks. Four samples were taken from the main rock types of the complex. Sample A1360 is from the main granite phase. Sample A1306 is a quartz monzodiorite from the south^central part of a monzodioritic ring-dike that flanks the complex in the east (Alviola et al., 1999) . The leucogabbronorite sample A118 represents the principal gabbro^anorthositic rock of the southeastern part of the complex and sample A1271 is from a coarse (c. 5 cm long) zircon crystal in a pegmatite pocket of a leucotroctolite in the northeastern part (Alviola et al., 1999) . 
Bodom intrusion
The $60 km 2 Bodom intrusion comprises two roughly coeval ($1645 Ma; Kosunen, 2004 ) rapakivi granite types with distinct trace-element characteristics. A porphyritic variety is the dominant rock type, intruded by an even-grained variety in the southwestern part of the intrusion with a sharp contact (Kosunen, 2004) . Both granite types were sampled for this study. Sample A1577 represents the even-grained variety from the western part of the intrusion and the sample A101 is taken from the porphyritic type.
Obbna« s intrusion
The $1640 Ma Obbna« s intrusion (Kosunen, 2004 ) is composed of a homogeneous, coarse-grained porphyritic hornblende^biotite granite. The southwestern parts of the intrusion are more primitive than the northwestern parts (hornblende more abundant, rapakivi texture more pronounced). The Obbna« s intrusion differs from all the other Finnish rapakivi intrusions as it includes accessory titanite, which might indicate higher magmatic fO 2 (Kosunen, 2004) . In this respect Obbna« s is similar to the Estonian rapakivi granites (e.g. Ra« mo« et al., 1996) . Sample A602 comes from the hornblende^biotite granite of the Obbna« s intrusion.
Laitila batholith and Eurajoki stock
The $1570 Ma (Vaasjoki, 1977) Laitila batholith is an $1400 km 2 rapakivi intrusion on the southwestern coast of Finland comprising a series of biotite^hornblende to biotite granites. On the southeastern flank of the batholith there is a small, separate anorthositic intrusion (Kolinummi). The $1570 Ma (Vaasjoki, 1977) Eurajoki stock is a relatively small ($8 km 2 ) intrusion (Haapala, 1977) on the northwestern flank of the Laitila batholith and consists of (AE olivine^)biotite^hornblende granites and topaz granites. Three samples were taken from these rocks. Sample 1303 is a biotite granite and A69l a leucogabbronorite from the Kolinummi intrusion. Sample A255 is a fayalite^hornblende granite from the marginal phase of the Eurajoki stock.
-land (or Ahvenanmaa) batholith
The $1570 Ma -land batholith (Suominen, 1991) is the second largest rapakivi intrusion in Finland and covers $5000 km 2 in the archipelago of southwestern Finland (Fig. 1) . The prevailing rock type is a hornblende granite, which is cut by a more evolved biotite granite and some minor aplitic granites (Bergman, 1986) . Sample A295 is from the southern part of the batholith and represents the main rock type of the batholith.
Svecofennian post-kinematic Honkajoki and Puula plutons
We have also included samples from the A-type synorogenic, post-kinematic granites from the Central Finland Granitoid Complex (CFGC) (Fig. 1 ). These are (in terms of geochemistry) similar to the rapakivi granites and serve to characterize the Lu^Hf isotope systematics of the lower parts of the Svecofennian crust in Finland (see Ra« mo« et al., 2001; Elliott, 2003) . The Honkajoki and Puula plutons (1871 Ma and 1874 Ma, respectively; Ra« mo« et al., 2001) are Type 2 synorogenic, post-kinematic granites (Elliott, 2003) of the CFGC. The $500 km 2 Honkajoki pluton is a multiphase intrusion in the western part of the CFGC (Fig. 1b) and comprises different types of hornblende^biotite granite and a coarse-grained biotite granite, and is associated with several separate mafic intrusions (Ra« mo« et al., 2001) . The $450 km 2 Puula pluton is located in the southeastern part of the CFGC (Fig. 1b) and is a more homogeneous intrusion dominated by an alkali feldspar and plagioclase-phyric monzogranite with occasional rapakivi texture. One sample from each of the plutons was analyzed: A588 from the main biotite granite of the Honkajoki pluton and A924, the monzogranite of the Puula pluton.
A NA LY T I C A L M E T H O D S
Clear, non-metamict and inclusion-free zircon grains were hand-picked from pure, non-magnetic zircon fractions produced by standard mineral separation methods (Wilfley-table, heavy liquid and magnetic separation). The selected grains were cast in epoxy and polished for analysis. Imaging by cathodoluminescence and backscattered electrons was carried out with a JEOL JSM-6460LV scanning electron microscope at the Department of Geosciences, University of Oslo. LAM-ICP-MS Lu^Hf isotope analysis was performed using a Nu Plasma HR multicollector ICP-MS system with a U^Pb collector block and a New Wave/Merchantek LUV-213 Nd:YAG laser microprobe, also at the Department of Geosciences, University of Oslo. Trace elements in zircon were analysed by laser ablation quadrupole (LAQ)-ICP-MS using an Agilent 7500 system with a New Wave LUV213 laser microprobe at the Department of Geology, University of Helsinki.
LAM-ICP-MS analysis of Lu^Hf isotopes
Masses 172^179 were measured simultaneously in Faraday collectors. Ablation was conducted in helium, at the following conditions: beam diameter 55 mm (aperture imaging mode); pulse frequency 5 Hz; beam fluence c. 2 J/cm 2 , static ablation. Each ablation was preceded by a 30 s on-mass background measurement. The total Hf signal obtained was in the range 1·5^3·0 V. Under these conditions, 120^150 s of ablation was required to obtain an internal precision of AE0·000020 (1SE).
Isotope ratios were calculated using the Nu Plasma time-resolved analysis software. The raw data were corrected for mass discrimination using an exponential law, the mass discrimination factor for Hf was determined assuming 179 Hf/ 177 Hf ¼ 0·7325, and the observed 2 SE uncertainty of the Hf mass discrimination factor was better than 0·5%, which was propagated through to the error of the final result. The mass discrimination factor for Yb was monitored from the 173 Yb/ 172 Yb ratio, and depending on the Yb content of the zircon, it could be determined with an internal precision (2SE) one to two orders of magnitude worse than that for Hf, which is insufficient for use in the isobaric overlap correction procedure at mass 176. The correction for 176 Yb interference was therefore made by the procedure described by Andersen et al. (2009) Yb/ 177 Hf ratios significantly exceeding the maximum value of the Temora-2 reference zircon (c. 0·12). To better control the Yb correction for high Yb/Hf zircons, we have therefore tuned the correction parameters from multiple LAM-ICP-MS analyses of zircon LV-11, which is a c. 10 mm euhedral crystal from the nepheline syenite pegmatite at LÔven island in the Oslo Rift (290 Ma, source: mineralogical collection of the Natural History Museum, University of Oslo).
Solution analysis of the LV-II zircon using a Nu Plasma mass spectrometer at GEMOC, Macqurie University, (Chu et al., 2002; Segal et al., 2003) . 176 Lu/ 175 Lu ¼ 0·02669 was used for correction of Lu interference on mass 176 (DeBievre & Taylor, 1993) . Based on this revised correction, Temora-2 gives present-day 176 Hf/ 177 Hf ¼ 0·282669 AE 58 (2SD, n ¼ 337), which can be compared with the solution analysis at 0·282686 AE 8 published by Woodhead & Hergt (2005) . The low-REE Mud Tank reference zircon gave 176 Hf/ 177 Hf ¼ 0·282510 AE 49 (2SD, n ¼ 817), which is indistinguishable from the solution analysis at 0·282507 AE 6 of Woodhead & Hergt (2005) .
A value for the decay constant of 176 Lu of 1·867 Â10^1 1 a^1 has been used in all calculations (Scherer et al., 2001 (Scherer et al., , 2007 So« derlund et al., 2004 (Bouvier et al., 2008) . We have adopted the depleted mantle model of Griffin et al. (2000) , modified to the 176 Lu and chondritic composition used, which produces a present-day value of 176 Hf/ 177 Hf (0·28325, e Hf ¼ þ16.4) similar to that of average mid-ocean Hf with AE 2SD in the last two significant decimal places at the age of crystallization of the zircon (732 Ma for Mud Tank, 414 Ma for Temora-2, 290 Ma for LV-11). LV-11 is a single zircon crystal from a nepheline syenite pegmatite in the Oslo Rift, Norway, which has been used to tune the Yb interference correction at mass 176. The crystal is zoned in REE/Hf, but has a constant 176 Hf/ 177 Hf.
ridge basalt (MORB) over 4·56 Ga, from chondritic initial hafnium at 176 Lu/ 177 Hf DM ¼ 0·0388. Standards or reference zircons 91500, Temora-2, Mud Tank and GJ-1 were run as unknowns at frequent intervals. Data obtained over a 2 year period indicate an accuracy within AE0·000020; the observed external reproducibility on Temora-2 of AE0·000058 (2SD, Fig. 2) gives a conservative estimate of an uncertainty of AE2 e units.
LAQ-ICP-MS analysis of trace elements
Analyses were made in time-resolved mode in which a 30 s on-peak background measurement with the laser off was followed by 90 s of ablation. The laser conditions used were: spot size 40^100 mm; repetition rate 10 Hz; fluence 2^3 J/cm 2 (45% energy output). The masses measured per cycle and the dwell-time per mass are given in Table 3 . NIST612 was used as an external standard; the elemental concentrations used are given in Table 3 . Si was used as an internal standard, assuming stoichiometric composition of zircon with 32.78 wt % SiO 2 (153 200 ppm).
Data reduction was performed off-line, using the Agilent ChemStation time-resolved analysis software and a Microsoft Excel2003/VBA spreadsheet program, which allowed the interactive selection of homogeneous parts of the signals for integration. The results of repeated analyses of a yellowish brown crystal of the GJ-1 reference sample (provided by Dr. E. A. Belousova, Macquarie University, NSW, Australia) are given in Table 3 . The REE were determined with an external 2SD precision in the range 13^20%, with the exception of La (135%) and Pr, Nd, Gd and Lu ( 25%). The cause for the large analytical uncertainty for La is the low concentration in zircon ((1ppm); repeated analyses of NBS612 run as an unknown suggest that at higher concentrations, the uncertainty in La is comparable with that of the other REE. (Fig. 3) . This is also true for zircon from the Svecofennian Honkajoki and Puula granites (Fig. 3e) . The scatter around the visual best-fit reference lines can largely be accounted for by analytical error (i.e. AE0·00006). Zircons from gabbro (samples A574 and A1271), leucogabbronorite (A118 and A691), and anorthosite (A119) show larger ranges in Hf isotope composition (Figs 3 and 4) , significantly exceeding the expected analytical error. In these samples, 176 Hf/ 177 Hf is still correlated with 176 Lu/ 177 Hf (Fig. 3) and also with 176 Yb/ 177 Hf (Fig. 4) , n, number of analyses used in calculation of the average values. 2SD values given do not refer to propagated error estimates of the original analysis, but to the observed variation of isotope compositions of different zircon grains within single samples. Fig. 5 ). These zircons also generally overlap with the trend of primitive Svecofennian crust suggested as a source for the granitic magmas of the Transscandinavian Igneous Belt (TIB) by Andersen et al. (2009) . The initial 176 Hf/ 177 Hf of zircon from gabbro, leucogabbronorite and anorthosite ranges to higher maximum values, e Hf $ þ6 in the younger age group and e Hf 4 þ8 in the Ahvenisto complex (Fig. 5) . The initial 176 Hf/ 177 Hf of zircons from the Honkajoki and Puula granites also straddle the CHUR curve, and most zircons fall within the range of the source of TIB magmas at 1·87 Ga. Some zircons from these intrusions fall below this range. A similar pattern of Hf composition has been observed in the Svecofennian Pernio« and Jaani leucogranite intrusions (Kurhila et al., 2010) .
T R AC E E L E M E N T C O M P O S I T I O N O F Z I RC O N
Zircons from two representative samples [gabbro A574, which has the greatest initial Hf isotope variation ($9 e Hf units), and biotite granite A1042 (within-sample variation of $5 e Hf units)] were analyzed for their trace element contents to examine the relations between elemental compositional variations and Hf isotope composition. Where possible, trace element and Hf isotope data were collected from the same portions of the zircon grains. The results are given in Tables 5 and 6 and are displayed on chondrite-normalized multi-element variation diagrams in Fig. 6 . The data are also plotted on selected variation diagrams in Figs 7 and 8.
Most of the zircons in both samples show typical magmatic trace element patterns with high Hf, U, Th, Y and heavy REE (HREE) levels, relative enrichment of HREE over LREE, and moderate to strong negative Eu anomalies (Eu/Eu* from 0·01 to 0·5) in all analyses except in one (A574-25). The Th/U ratios of the zircons from both samples are comparable, have typical magmatic values on average (1·12 in A1042 and 1·32 in A574), but reach higher values in analyses from the gabbro (Th/U up to 2·7). The abundances of LREE vary considerably in both samples, with positive Ce anomalies (Ce/Ce* 530·8) in the zircons with low ('normal') LREE abundances.
High levels of LREE in zircon can be attributed to metamictization (Belousova et al., 2002) , hydrothermal alteration (Hoskin, 2005) , or the effects of minute melt and mineral inclusions (Hoskin & Schaltegger, 2003) . Only the clearest and colourless grains with magmatic features (definitive crystal faces) were selected; altered and featureless grain portions were avoided in the analyses. Thus it is most likely that the high LREE abundances evident in some of the analyses are affected by undetected submicroscopic mineral or melt inclusions in the zircon. Zircons from the biotite granite (A1042) have abundances of middle REE (MREE) to HREE that are comparable with average values of zircons from granitic rocks. In contrast, the zircons from the gabbro (A574) have considerably higher HREE than is found in zircon from most mafic rocks (e.g. Belousova et al., 2002) . It is possible that the exceptionally high contents of Y, Th, U, and to some extent Pb in gabbro A574 (Table 6 , Fig. 7 ) could indicate early precipitation of zircon, possibly as a result of locally reached saturation conditions (Hoskin et al., 2000; Hoskin & Schaltegger, 2003) . However, lack of textural information precludes more detailed inferences of the timing of zircon saturation solely on the basis of these limited data.
The compositional peculiarities of the zircons from gabbro A574 are unprecedented and not fully understood. It is known, however, that the relatively high P content of the magma (1·07 wt% P 2 O 5 in whole-rock A574) has provided sufficient pentavalent substitutes to account for some of the xenotime-type substitution required for incorporation of trivalent REE and Y. The abundances of REE and Y correlate with P, but the cationic (AEREE þ Y):P ratios are relatively high in almost all analyses, reaching values as high as 7·5 in the granite (A1042) and 15·9 in the gabbro (A574). In some of the analyses the elevated LREE levels naturally affect these ratios and in general Y dominates them; nevertheless, a very complex 
Abundances are given in ppm. Av., average of two integrations. JOURNAL OF PETROLOGY VOLUME 0form of charge-balancing mechanism is needed to substitute all the trivalent cations in these zircons.
D I S C U S S I O N Boundary conditions for petrogenetic modelling
Rapakivi suites are an important subgroup of AMCG associations. The only consensus that the recent discussion surrounding the applicable classification (e.g. Frost et al., 2001; Dall' Agnol & de Oliveira, 2007) and tectonic environment (Ashwal, 2008; Corrigan, 2008; McLelland et al., 2008) of the rocks in these magmatic suites has produced is of petrogenetic ambiguity. It is very likely that a generalized petrogenetic model covering all of them does not exist. Therefore it is important to recognize the key petrogenetic features that distinguish granitic rocks previously pooled into the A-type clan from each other and search for common denominators that could be used in their further regrouping and reclassification. In general, a mantle component is considered critical in petrogenetic models proposed for ferroan (A-type) granites and massif-type anorthosites (e.g. Haapala & Ra« mo« , 1990; Emslie et al., 1994; Mitchell et al., 1995; Frost & Frost, 1997; Frost et al., 2002) . Whether this is a MORB-source depleted mantle component or a less depleted (or enriched) sub-continental lithosphere mantle component (Andersen et al., 2009 ) is not known for certain.
Ra« mo« (1991) discussed the genesis of the Finnish rapakivi granites and associated rocks in the light of elemental and Nd and Pb isotope geochemistry, and favored a model involving, at the outset, a basaltic partial melt from the upper mantle (probably produced by decompression melting and underplating associated with extension). This mafic melt was emplaced at the base of the crust at c. 1650 Ma and caused partial melting of the Svecofennian (1930^1830 Ma) lower crust, leading to the generation of silicic magmas from which the rapakivi granite batholiths were crystallized. The anorthositic and monzodioritic rocks were considered differentiates of the primary basaltic magma, contaminated to varying degrees by crustal material. These mafic differentiates were subsequently emplaced alongside the silicic magmas to form the (more evolved) mafic and intermediate counterparts of the rapakivi association (Heinonen et al., 2010 ). An extensive mafic underplate is also implied by the results of deep seismic studies of the southern Finland crust (Elo & Korja, 1993; Luosto et al., 1990) .
Structural and geochemical features of composite dikes (Ra« mo« , 1991) , and net veined structures in monzodiorites and granites (Alviola et al., 1999) and other hybrid rocks (Salonsaari, 1995; Kosunen, 2004) , indicate that mixing and mingling of coexisting silicic and mafic magmas are significant processes in the genesis of these rocks. In such magmatic systems, distinction of isotopic source signals is rendered even more difficult, and assessment of mantle and crust components, their intermixing relations and extent of contamination by different crustal materials pose a considerable challenge. In situ study of Hf isotopes in zircon has proved to be a useful tool in shedding new light on some of these problems (see Kemp et al., 2007) . First, the in situ technique is able to detect isotopic differences (if any) between single zircon grains, not just producing average values for macroscopic samples. Second, being more robust to post-magmatic alteration and mechanical effects than the whole-rock methods, zircon isotope studies can provide a firmer handle on the initial isotope composition of a magmatic system. Third, because Lu^Hf has a shorter half-life than Sm^Nd, Hf isotopes are more sensitive (producing more varying Hf isotope compositions, which in this study range from^2 to þ9 e Hf units) than Nd isotopes in recording crustal (Svecofennian) components that formed only 300 Myr before the emplacement of the rapakivi granites.
Hf isotope composition of possible source reservoirs
To evaluate the contribution of different source materials in any given magmatic rock it is necessary to have reasonable estimates of the geochemical characteristics of the sources. The Hf isotope composition of the depleted mantle reservoir is here taken from Griffin et al. (2000) , modified in agreement with the CHUR parameters of Bouvier et al. (2008) . The crustal end-member evolution can be estimated from published Hf isotope data on granites in the Transscandinavian Igneous Belt and the Svecofennian Domain (Patchett et al., 1981; Vervoort & Patchett, 1996; Andersen et al., 2009; Kurhila et al., 2010) and the two synorogenic post-kinematic granites (A588 and A924) analyzed in this study. Granites from the Svecofennian Domain in Finland indicate slightly less radiogenic Hf isotope compositions than granites of corresponding age in Sweden (e Hf at 1640 Ma $^4 to þ2 compared with $^2 to þ4, respectively), and probably represent the least radiogenic values of the Svecofennian crust at 1650^1550 Ma in southern Finland.
Hf isotope compositions of the rapakivi granites
The observed within-sample variation of Hf isotope compositions in the zircons from the rapakivi granite samples is comparable with the reproducibility on isotopically homogeneous reference zircons (AE2 e units), and significantly less than the up to 10 e Hf units that have been observed in samples of late Mesoproterozoic granites and early Mesoproterozoic tonalites and granodiorites of southwestern Fennoscandia (Andersen et al., 2002 (Andersen et al., , 2004 (Andersen et al., , 2007 . The two Svecofennian synorogenic post-kinematic granites (A588 and A924) also show insignificant within-sample variation of initial 176 Hf/ 177 Hf. This homogeneity indicates that the zircon in each of the rapakivi granite samples crystallized from magma that was homogeneous in Hf isotopes.
The initial Hf compositions in the rapakivi granites are, with only one exception (A295), slightly higher than the estimated composition of the Svecofennian crust in southern Finland (A588 and A924; Kurhila et al., 2010) , but overlap with the inferred source of the granitic magmas of the Transscandinavian Igneous Belt (Fig. 5) . This implies either a minor contribution of a mantle component to a well-homogenized granitic magma, or a high long-term Lu/Hf in a lower crustal source in the region, which would then resemble the lower crustal source of the Paleoproterozoic granitoids further west in Fennoscandia. Overall, the Hf isotope compositions of the rapakivi granites are consistent with the prevailing hypothesis that the Finnish rapakivi granites are mainly derived from a Svecofennian crustal source.
Nature of the mantle-derived component
The greater range in initial Hf isotope composition of zircons from the mafic rocks of the rapakivi association may yield a constraint not only for the source but also for the magmatic processes that led to the generation of these rocks. Further evidence is available from comparing the initial Hf isotope composition with the trace-element composition of single zircon crystals from sample A574.
High actinide, Y, and HREE compositions of the zircons in gabbro sample A574 could suggest early precipitation of zircon from a mafic melt, but that control by crystal chemical effects efficiently hides information about further fractionation processes. The usefulness of REE in zircon as an indicator of fractionation has already been impugned by previous studies (e.g. Hoskin et al., 2000) and is further questioned by the strong correlation of P and Y (representing general trivalent cations) in the zircons from this study (Fig. 8a) . Despite continued efforts, no meaningful correlations between the Hf isotope and Th, U, Y, Pb, Nb, Ta, or REE variations in the zircons were found that could yield significant information about the differentiation of the parental melts. Of the analysed trace elements, tetravalent Ti, whose affinity for zircon is mainly controlled by temperature (Watson & Harrison, 2005) , is probably the most reliable fractionation indicator. The range in Ti values within the observed fractionation window is from 40 to 10 ppm. This translates to a maximum temperature difference of c. 1508C (from $900 to $7508C; Ti-in-zircon thermometer of Ferry & Watson (2007) ; with ilmenite [log (Ti-in-zircon, ppm) ¼ 5·711 AE0·072 À4800 AE 86/T(K)^log aSiO 2 þ log aTiO 2 (aTiO 2 ¼1 and aSiO 2 ¼1)]), which (apart from the absolute temperature values) is a reasonable crystallization interval for a mafic melt at low-P (crustal) conditions. The Ti values and initial Hf isotope compositions of zircon in the gabbro (A574) correlate positively, implying gradually increasing incorporation of unradiogenic (crustal) Hf in the crystallizing zircons (Fig. 8b ) during magmatic differentiation.
This effect could be caused by contamination of a mantle-derived primitive magma in which local zircon saturation is achieved at multiple levels during crystallization. As differentiation of the magma proceeded and the system cooled, the affinity of Ti for zircon fell in unison with the shift in isotope composition to crustal values by assimilation of crustal material. The highly radiogenic initial Hf isotope values (e Hf up to þ9) recorded in some of the zircons in the mafic samples might therefore represent compositions close to the primary mantle source of the mafic rocks. This would imply that the previously reported whole-rock Nd isotope compositions of the basic rocks, ranging from e values of^1·7 to þ0·5 (Table 1 and references therein), do not record the original mantle signature, which would, according to the model above, be overprinted by the composition of the crustal contaminant. Thus the mantle source component involved in the generation of the classic rapakivi granites may have been closer to a MORB-source depleted mantle than a 'mildly depleted' lithospheric mantle (see Andersen et al., 2009 , and references therein).
Comparison with Nd and O isotopes
Given the insensitivity of the bulk-methods and the sparse geographical coverage of the samples it is not plausible to construct a detailed model for the crystallization processes involved. A rough consideration of the source components is, however, possible. We present a simple mixing model (Fig. 9) based on initial Hf isotope values, whole-rock Nd isotopes, and O isotope compositions in zircon (see Table  1 ). This model is compatible with the conditions for crustal and depleted mantle sources deduced in this study. The measured Nd isotope values are much more tightly spaced than the corresponding Hf isotope values; this reflects the relative resolution power of these two isotope systems.
Taking into consideration the uncertainties in the isotope composition of the more dominant crustal component, it is evident that the amount of possible mantle contribution to the granitic magmas is very difficult to constrain. The most extreme proportion of mantle material incorporated in the granites proposed by the model is almost 60%. In general, however, comparison between the three isotope systems provides valuable evidence for the homogeneity of the Hf isotope composition of the Svecofennian crust in southern Finland. The observation of Elliott et al. (2005) about the geographical control of stable oxygen isotope compositions in the rocks of the rapakivi association can also be seen in Fig. 9b . The southernmost silicic samples A1577 and A602 (Fig. 1) plot at significantly lower d
18 O values than the granites from farther north, suggesting that they have a source with less supracrustal contribution. The Hf isotope system holds no evidence for such variationçimplying that the Svecofennian crust in Finland is homogeneous in terms of its overall Hf isotope composition.
Re-evaluation of rapakivi petrogenesis
The basic rocks of the Finnish rapakivi association record mildly depleted average initial Hf isotope compositions (Table 4) The homogeneous initial Hf composition of the granitic samples also calls for an isotopically homogeneous source region. The SCLM of Fennoscandia is not plausible as a source as it is evidently characterized by a clearly, though mildly and variably depleted Hf isotope composition (So« derlund et al., 2005) . The homogeneity of the samples also precludes major contamination by more enriched (e.g. Archean crustal) material. Furthermore, Nd isotopes record the Archean crustal component in the rapakivi O mantle value according to Valley et al. (1998) . Crust 1^3, Hf isotope composition is averaged from post-kinematic granites A588 and A924. Nd isotope compositions are modeled according to the initial isotope compositions obtained by Huhma (1986) (Condie, 1993; Gao et al., 1998; Farmer, 2004; Kelemen et al., 2004; Kemp & Hawkesworth, 2004; Klein, 2004 DePaolo & Wasserburg (1976) and Bouvier et al. (2008) respectively. Oxygen isotope values are given as per mil deviation from VSMOW. granites of the Salmi batholith, adjacent to the Archaean Karelian domain (e.g. Ra« mo« , 1991; Neymark et al., 1994) , a signal that is absent from the Finnish rapakivi suite. Also, if the granites were straightforward mantle differentiates descended from the same lineage as the gabbro^anorthosi-tic rocks (Turner et al., 1992) , a similar range in the variation of initial Hf isotope compositions should be evident in all the studied samples. The clearly more homogeneous Hf isotopes of the studied granites indeed point to the involvement of a rather homogeneous crustal source in their petrogenesis.
As a result of these observations, a truly bimodal petrogenetic model, with a MORB-source depleted mantle (or a highly depleted SCLM) source for the gabbro^anorthosi-tic rocks and a major crustal source component for the rapakivi granites, is favored for the Finnish rapakivi association.
C O N C L U S I O N S
The Finnish rapakivi granites, formerly classified as A-type, are reduced (Dall' Agnol & de Oliveira, 2007) ferroan alkali^calcic (Frost et al., 2001 ) granites that were emplaced in a well-characterized within-plate setting, not directly involved with coeval orogenesis. Judging by the Hf isotope record and trace-element compositions of the zircon in the granites and associated basic rocks observed in this study, it is inferred that two isotopically differing major sources are required for their petrogenesis.
We suggest that the primary source for the basic rocks associated with the rapakivi granites of southern Finland was a MORB-source depleted mantle; these mafic magmas were then affected by considerable crustal and/or SCLM contamination. The rapakivi granites have less radiogenic and more homogeneous initial Hf isotope compositions and we infer them to be the result of partial melting of Svecofennian crustal sources with a possible (minor) contribution from mantle-derived melts. The Svecofennian crust in southern Finland has a relatively homogeneousçalmost chondriticçHf isotope composition.
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